A static aeroelasticity analysis is accomplished for an ONERA-M5 wind tunnel calibration model. The Reynoldsaveraged Navier-Stokes (RANS) solution obtained using the cell-wise relaxation implicit discontinuous Galerkin (DG) computational fluid dynamics (CFD) solver is fed into the structural analysis method to iteratively determine the aerodynamic equilibrium configuration of the wind tunnel model. For the freestream conditions of M ¼ 0:84, ¼ À1:0 , Re ¼ 4 Â 10 6 , P 0 ¼ 220 kPa and T 0 ¼ 274 K, the aerodynamic equilibrium shape is successfully obtained within three iterations. The maximum deformation of 3.11 mm appears at the wing tip of the wind tunnel model, and the resulting change in aerodynamic force produces a nose-down effect. A detailed examination reveals that the deformation mostly causes pure bending which reduces the effective angle of attack for the present swept wing. Moreover, we attempt to split the change in aerodynamic coefficients into that due to the model deformation effect and that due to the Reynolds (Re) number effect. By comparing the computed results for Re ¼ 1 Â 10 6 and Re ¼ 4 Â 10 6 , it is indicated that an increase in lift coefficient due to the Re number effect is totally offset by the model deformation effect. It is also shown that the amount of drag reduction can be overestimated due to the model deformation effect. In addition, a CFD-aided data correction method utilizing the wind tunnel data is discussed.
Introduction
One of the major issues in the prediction of the aerodynamic performance of an aircraft at flight conditions from the data obtained in wind tunnel testing, among many factors caused by differences between the wind tunnel test and the real flight, 1) is the Reynolds (Re) number scaling effect. Recently, high Re number wind tunnels that can achieve full-scale Re numbers of the actual flight envelope are widely used in sophisticated aerodynamic design of aerospace vehicles. In 1982, the National Transonic Facility (NTF) was established in the US. [2] [3] [4] This facility can operate at Mach numbers from 0.1 up to 1.2, total temperatures from 339 K down to 116 K, total pressures from atmospheric up to 900 kPa, and Re numbers up to 120 million where the reference length is defined as 0:1 ffiffiffiffiffiffi ffi S TS p , and S TS represents the cross-section area of the test section. In this facility, aerospace vehicles such as the Boeing 777, Boeing 787 and the space shuttle have been tested. 3, 4) In Europe, the European Transonic Wind-tunnel (ETW) went into operation in 1993. 5, 6) In the ETW, the Mach number range is from 0.15 to 1.3, the total temperature range is from 313 K down to 110 K, the total pressure range is from 115 kPa to 450 kPa, and the Re number range is up to 50 million for a full-scale model and up to 85 million for a half-span model. 6) In this facility, the Airbus A380 has been tested. 6) High Re numbers comparable to that of the actual flight environment can be achieved in these facilities by lowering the temperature of the pressurized nitrogen flow to that of the cryogenic level.
However, due to pressurized flow, a larger aerodynamic load exerted on the model can lead to a deformation of the thin part of the wind tunnel model. This model deformation is known to alter aerodynamic characteristics of the wind tunnel model in the opposite trend to increasing the Re number, and therefore it can totally mask true Re number scaling effects. 7) In the NTF and ETW, however, proper adjustment of the total pressure and total temperature enables one to separate the Re number effect and model deformation effect. For example, the Re number effect can be obtained by choosing the reservoir conditions in parallel to a line of Q=E ¼ const., where Q is the dynamic pressure and E is the Young's modulus of the model material which depends on temperature, as shown in Fig. 1.  8 ) Similarly, the model deformation effect at constant Re number can be obtained by choosing the reservoir conditions in parallel to a vertical line shown in Fig. 1 .
In Japan, the Trisonic Wind Tunnel (TWT) was established in 2005. 9) This facility is a pressurized wind tunnel. The Mach number can be varied from 0.3 to 4.0, and the Re numbers up to 20 million can be achieved through use of pressurized airflow up to 1.4 MPa. Contrary to the NTF and ETW, the TWT cannot control the total pressure and total temperature independently. The isolation of the Re number effect and model deformation effect cannot be achieved experimentally in the TWT. Therefore, an attempt to separate the model deformation effect using Computational Fluid Dynamics (CFD) is particularly important for the TWT. Ó 2012 The Japan Society for Aeronautical and Space Sciences
In this work, a model deformation analysis for the ON-ERA-M5 wind tunnel calibration model installed in the TWT is carried out. The flow-field computation is made using the cell-wise relaxation implicit discontinuous Galerkin (DG) method developed earlier.
10) The DG method is known to achieve high-order spatial accuracy even on unstructured hybrid meshes.
11) This CFD solver is coupled with NX Nastran Ò for conducting the fluid-structure interaction analysis. First, the model deformation effect on the aerodynamic coefficients is examined. We then explore the Re number effect numerically by varying the Re number. We also discuss a possible CFD-aided evaluation method for obtaining the Re number scaling effect using the TWT.
Numerical Approach
A schematic illustration of the fluid-structure interaction analysis procedure is shown in Fig. 2 . First, a surface mesh is made using TAS-mesh [12] [13] [14] from CAD data of the wind tunnel model. A hybrid unstructured mesh for CFD analysis is also made using the TAS-mesh. The RANS simulations using the second-order accurate, cell-wise relaxation implicit DG solver are then conducted. The obtained surface pressure data from the steady state CFD solution is converted to nodal load data as the boundary condition for structural analysis. In the structural analysis, surface triangular elements from CFD mesh are commonly used to generate the unstructured mesh interior of model components. The computed surface displacement is then added to determine the new surface mesh for the CFD analysis. We perform these analyses iteratively until the wind tunnel model achieves an aerodynamic equilibrium shape.
Numerical Conditions
In Fig. 3 , a schematic illustration of the ONERA-M5 wind tunnel model is shown. The fuselage length is 1057.7 mm, the fuselage diameter is 124.0 mm, the reference chord is 137.29 mm, the wing span is 981.9 mm, the reference area is 132,105 mm 2 and the aspect ratio is 7.31. The sting is assumed to be rigidly attached to the boat tail of the fuselage without a gap.
The freestream conditions are shown in Table 1 . The Mach number is 0.84, and the angles of attack are À3:6 and À1:0 deg. The freestream conditions for Cases 1 and 2 are taken from the experimental conditions for TWT. 9) Since the pressure coefficient profiles of wing sections for these cases are not available in Ref. 9 ), the case of Re ¼ 1 Â 10 6 is also calculated as Case 3, for which the pressure coefficient data is available from the Japan Aerospace Exploration Agency (JAXA) wind tunnel experiment. 15) Furthermore, for the purpose of examining the Re number effect and model deformation effect, an imaginary case named as Case 4 is also considered in which Re ¼ 4 Â 10 6 is assumed while the total pressure is the same as that for Case 3. The relation of these cases, except for Case 1, is summarized in terms of the total pressure and the Re number in Fig. 4 . Note that the computations accounting for the model defor- 5 using local time stepping is employed and a matrix simplification and a p-multigrid scheme are applied to obtain a faster convergence. 10) All the computations are carried out using Silicon Graphics International (SGI) Altix 3700Bx2. As many as 120 and 128 PEs are used in the flow-field computations using Grid-1 and Grid-2, respectively.
The pressure contours computed on the model surface and root plane for Case 2 are shown in Sep. 2012 K. YASUE and K. SAWADA: CFD-Aided Evaluation of Re Effect Accounting for Model Deformationagreement with the experimental data with the shock positions slightly shifted backward due to the difference in the Re number. This is because the thickness of the boundary layer becomes thin due to the higher Re number. On the other hand, the pressure coefficient profiles computed for Case 3 show better agreement with the experimental data. One can find that the pressure coefficient profile at 81.47% span-wise location obtained in the experiment exhibits a gradual change at the shock wave on the upper surface suggesting that there exists a short bubble separated at the foot of the shock wave. This behavior is well reproduced in the computed pressure coefficient profiles for Case 3. The convergence histories for Case 2 are shown in Fig. 8 . Both the L 2 residual and lift coefficient are converged within 15,000 iterations for Grid-1 and 20,000 iterations for Grid-2. However the L 2 residual decreases by only two orders of magnitude probably due to fluctuations appearing behind the boat tail of the fuselage.
The obtained aerodynamic coefficients are shown in Fig. 9 and listed in Table 2 . Note that the correction method for the base pressure in the experiment is given by 
where C A;0 is the axial force coefficient along the body axis excluding the contribution from the sting cross section, S ref is the reference area, C p;sting is the averaged pressure coefficient of the sting cross section determined from the pressure values taken at pressure taps near the juncture of the sting, and S sting is the cross-section area of the sting on the base plane. In the calculation, C p;sting is similarly determined from the pressure in the computational cells near the juncture of the sting. The lift coefficient obtained using Grid-2 becomes slightly larger than that using Grid-1 for all cases considered in this study, because the expansion region is more sharply captured where the shock wave is slightly shifted downstream resulting in a larger lift coefficient. Similarly, for Case 2, a reasonable agreement of the lift coefficient with the experimental data obtained in the TWT is shown, although the computed coefficient becomes slightly larger than the corresponding experimental data. In addition, the lift coefficients for Cases 2 and 4 become larger than that for Case 3 because the shock position in these cases moves slightly to the downstream side. For the drag coefficient, good agreement is obtained when Grid-2 is employed in Sep. 2012 K. YASUE and K. SAWADA: CFD-Aided Evaluation of Re Effect Accounting for Model Deformationthe calculations. The drag coefficient for Case 3 is approximately 30 counts larger than that for Cases 2 and 4, clearly exhibiting the Re number effect. Although a finer mesh is needed for more accurate reproduction of experimental data, the agreement of the lift coefficient using Grid-2 seems sufficient for the analysis of the model deformation which will appear in the next subsection.
Static aeroelasticity analysis for the ONERA-M5 model
The structural analysis is performed only for the main wing. The internal structures of the main wing, such as pressure ports, are all ignored. In the present calculation, we assume that the interior of the model for structural analysis is densely filled with SUS630 H1075 (14-A PH, UNS S17400). The Young's modulus of this material is set as 197 GPa, the Poisson ratio as 0.27, and the density as 8:31 Â 10 3 kg/m 3 . 16,17) Although Young's modulus is known to have a weak dependence on temperature, it is assumed to be constant at room temperature in this study because the data for the cryogenic temperature range is not available.
The unstructured mesh for the structural analysis is shown in Fig. 10 . The internal mesh is made using the surface mesh used for the CFD analysis. The total nodes for the structural analysis are 502,733 points. Model deformation analyses are performed for Cases 2, 3 and 4.
The convergence histories of the maximum displacement at the wing tip are shown in Fig. 11 . In this study, three iterations are needed for obtaining the aerodynamic equilibrium shape. The surface displacement contours obtained for Cases 2, 3 and 4 are shown in Fig. 12 . The maximum displacement is found to be 3.11 mm for Case 2, 0.777 mm for Case 3 and 0.795 mm for Case 4. The model deformation becomes larger in Case 2 because the total pressure for Case 2 is 202 kPa while that for Cases 3 and 4 is 50 kPa.
Next, let us break down the wing deformation into bending and twisting to examine the characteristics of the deformation. In order to separate the pure bending from the computed deformation, it is necessary to identify the elastic axis of the main wing. In this study, the maximum thickness line and also the 25% chord line are chosen as hypothetical elastic axes. The deflection along the assumed elastic axes and the obtained twist are shown in Fig. 13 . These two hypothetical elastic axes give almost the same results, suggesting that the deflection along the true (unknown) elastic axis could be similar to those results. Therefore, further discussions are based on the results obtained for these hypothetical elastic axes. When the twist is determined as the angle between the original chord line and the deformed chord line at the section span, this twist can be further break down into a sum of that due to the pure bending designated as ''bending twist,'' and also to the pure twist around the elastic axis designated as ''pure twist.'' The sum of ''bending twist'' and ''pure twist'' is denoted as ''apparent twist.'' As shown in Fig. 13 , one can find that the ''bending twist'' causes a negative twist angle leading to a nose-down effect while the ''pure twist'' causes a positive twist angle leading to a nose-up effect. The fraction of the ''bending twist'' is so large that the ''apparent twist'' produces a nose-down effect. The pressure coefficient profiles computed for the deformed configuration at 28.51% span-wise location and 81.47% span-wise location are shown in Fig. 14 with those for the original geometry. The effect of model deformation in pressure coefficient profiles is best seen at the 81.47% span-wise location for Case 2, where the shock position shifts slightly upstream and the expansion in the supersonic region is slightly weakened. On the other hand, for Cases 3 and 4, the difference between the pressure coefficients for the original geometry with that for the deformed geometry is almost invisible both at the 28.51% span-wise location and 81.47% span-wise location, since the deformation of the model is small in these cases. The difference between the surface pressure coefficient for the deformed geometry and that for the original geometry is shown for the present three cases in Fig. 15 . For Case 2, the difference due to the model deformation clearly appears both on the upper and lower surfaces. One can find that the shock position moves slightly upstream on the upper surface except for the wing tip where the shock position moves slightly downstream. At the wing tip, the separation bubble at the foot of the shock wave reduces the size when the effective angle of attack is decreased due to the model deformation resulting in the shock position shifted downstream. Note that the corrugated patterns seen on the upper surface are caused by surface discretization error using coarser triangular elements at the leading edge and are not physical origin. The angle of these corrugated patterns is found to almost agree with the Mach angle in the supersonic region above the boundary layer.
The change in aerodynamic coefficients caused by the model deformation is shown in Fig. 16 and listed in Table 2 . For Case 2, the lift coefficient decreases by 0.0101 and the drag coefficient decreases by ten counts due to the present model deformation. For Cases 3 and 4, the lift coefficient decreases by 0.0022 and 0.0024, respectively, and the drag coefficient decreases by three counts in both cases. The drag coefficient for the whole airplane can be written as
and
where C D;0 is the parasite drag coefficient at zero lift, e is the Oswald efficiency factor, and AR is the aspect ratio. Using the drag coefficients for Cases 1 and 2, the original geometry gives the value of as 0.0897 while the deformed geometry gives 0.0845, where the drag coefficient for Case 1 is assumed to be unchanged. Therefore decreases by 0.0052 due to the present model deformation. This slightly improves the drag polar probably due to the fact that the size of the separation bubble near the wing tip reduces resulting in a slight increase of the section lift when the model deformation is accounted for. Table 3 summarizes the pressure and friction drag coefficients for these three cases. For the deformed geometries, one finds that the pressure drag component and the friction drag component for Case 4 are 5 counts and 29 counts smaller than those for Case 3, respectively. This significant decrease in the friction drag coefficient is due to the Re number effect. On the other hand, the pressure drag component and friction drag component for Case 2 are 7 counts and 1 count smaller than those for Case 4, respectively. Therefore, the pressure drag decreases when the model deformation occurs while the friction drag is almost unchanged. Finally, the span-wise loading profiles given by the section lift coefficient multiplied by the corresponding chord length are shown in Fig. 17 . For Cases 3 and 4, because the displacement due to the model deformation is small, the change in section load is also small resulting in spanwise loading profiles that are almost unchanged. On the other hand, the loading profile for Case 2 decreases in the entire span-wise location except for in the wing tip region where the section load increases due to reduced size of the separation bubble. Due to the model deformation effect, the lift coefficient for Case 2 is 0.0077 smaller than that for Case 4, and the drag coefficient for Case 2 is also eight counts smaller than that for Case 4. On the other hand, due to the Re number effect, the lift coefficient for Case 4 is 0.0038 larger than that for Case 3, and the drag coefficient for Case 4 is 34 counts smaller than that for Case 3. If we directly compare the aerodynamic coefficients for Case 2 with those for Case 3, the lift coefficient for Case 2 becomes 0.0039 smaller than that for Case 3 even though the Re number for Case 2 is four times higher than that for Case 3, and the drag coefficient for Case 2 is 42 counts smaller than that for Case 3. Therefore, the increase in the lift coefficient due to the Re number effect is totally masked by the effect of model deformation. For the drag coefficient, on the other hand, the amount of drag reduction due to the Re number effect is found to be overestimated by the model deformation effect.
Let us examine the obtained change in the drag coefficient in terms of pressure drag and friction drag. As indicated in Table 3 , the pressure drag coefficient for Case 4 is five counts smaller than that for Case 3, and the friction drag coefficient for Case 4 is 29 counts smaller than that for Case 3. On the other hand, if we directly compare the drag coefficient for Case 2 with that for Case 3, the pressure drag coefficient for Case 2 is 12 counts smaller than that for Case 3, and the friction drag coefficient for Case 2 is 30 counts smaller than that for Case 3. Since the difference in the friction drag coefficient due to the Re number effect (between Cases 4 and 3) is almost the same as the difference between Cases 2 and 3, the amount of overestimated drag reduction between Cases 2 and 3 is caused solely by the pressure drag component due to the model deformation effect. 4.4. CFD-aided evaluation of the Reynolds number scaling effect Finally, let us consider the CFD-aided evaluation of the Re number scaling effect from the experimental data obtained in the TWT. In order to have a correct Re number scaling effect, accurate experimental data for both Cases 3 and 4 in Fig. 4 are needed. However, as mentioned earlier, the TWT cannot obtain the data for Case 4 because the total temperature cannot be controlled. Therefore, one obvious idea is to first obtain the aerodynamic coefficients for both Cases 3 and 4 using CFD analyses and then to add the difference of these CFD results to the experimental data obtained for the Case 3 condition. An alternative approach is to obtain the aerodynamic data for the Case 2 condition using the TWT, and then subtract the difference of aerodynamic data between Cases 2 and 4 evaluated using the CFD solver. For this approach, it is important to account for the model deformation effect for both the Cases 2 and 4 conditions in the CFD calculations. It is also important to fabricate the wind tunnel model in such a way that the geometry of the wind tunnel model becomes that of 1 g flight when placed in the freestream for the Case 2 condition in the TWT test section. Among these two approaches, the latter seems promising because both the friction drag coefficient and pressure drag coefficient vary between Cases 3 and 4 in the former approach (as indicated in Table 3 ) while the friction drag coefficient is almost unchanged between Cases 2 and 4 in the latter approach. In other words, the latter approach is less affected by uncertainties in turbulence modeling. In order to validate the above-mentioned CFD-aided evaluation method for the Re number scaling effect, one needs to obtain the aerodynamic data for the Cases 2, 3 and 4 conditions using either the NTF or ETW, and isolate the model deformation effect and the Re number effect experimentally. These isolated effects will serve as the reference data for validation of the CFD method. We emphasize here that as many as three wind tunnel models need to be prepared for this validation purpose. Each model has the geometry that duplicates with the 1 g flight geometry when placed in the corresponding freestream condition. Once validated, the experimental data obtained in the TWT can be corrected using the validated CFD method. This is probably a practical scenario for the establishment of CFD-aided evaluation method for obtaining the Re number scaling effect using the TWT.
Conclusion
The model deformation analysis of the ONERA-M5 wind tunnel model was successfully carried out. It was found that, for the Case 2 condition of Re ¼ 4 Â 10 6 in the TWT, the maximum displacement of 3.11 mm occurred at the wing tip, and the lift coefficient decreased by 0.0101 and the drag coefficient decreased by ten counts due to the model deformation effect. When the wing deformation was break down into bending and twisting, it was found that the deformation was mostly due to bending which reduces the effective angle of attack. Furthermore, due to the reduced effective angle of attack, the short bubble separated at the foot of the shock wave near the wing tip was reduced in size resulting in the shock position moved slightly downstream.
The examination of the Re number effect and the model deformation effect was also performed by varying the Re number. According to the results, it was found that the increase in lift coefficient due to the Re number effect was totally masked by the effect of the model deformation. For the drag coefficient, on the other hand, the amount of drag reduction due to the Re number effect was found to be overestimated by the model deformation effect.
The present result clearly indicates that the effect of model deformation cannot be ignored for aircraft having larger aspect ratio even for moderate Re number conditions. The result also suggests that the consideration of the model deformation effect is essential for wind tunnel experiments at high Re number conditions using the TWT.
